1. Introduction {#s0005}
===============

Focal cortical dysplasia (FCD) results from abnormal neuronal migration and is a very common cause of pharmaco-resistant epilepsy. Surgical treatment often requires intracranial electroencephalography recordings to localize the seizure onset zone (SOZ) and seizure propagation pathways ([@bb0090], [@bb0110], [@bb0175]). Moreover, the surgical outcome in FCD related epilepsy is directly related to the resection of epileptogenic tissue ([@bb0090], [@bb0085], [@bb0115]).

While numerous studies have shown that FCD is intrinsically epileptogenic, recent intracranial EEG studies have challenged the idea that epilepsy in FCD is associated with a strictly focal epileptogenic zone. Seizure can be triggered by discrete hyper-excitable cortical patches but also by additional remote epileptogenic areas of cortex, which may appear normal on brain MRI ([@bb0015], [@bb0065], [@bb0180], [@bb0200]). Moreover, despite undisputed methodological advances of MRI acquisition and MRI post-processing, the precise evaluation of the spatial extent of the lesion still remains a challenging issue ([@bb0045], [@bb0050], [@bb0070]). There is therefore a need for a better detection and evaluation of the involvement of these distributed epileptogenic foci that should improve surgical efficacy in patients with FCD.

Interictal epileptiform discharges have been suggested as a surrogate marker of epileptogenic areas and are usually abundant within the FCD lesion. Interictal spikes recorded with MEG and EEG can reliably be modeled with source modeling procedures ([@bb0060], [@bb0135], [@bb0005], [@bb0080], [@bb0140]). It has been shown that the sources of interictal spikes recorded with MEG or EEG in FCD are usually in close vicinity of the MRI lesion and of the SOZ ([@bb0035], [@bb0195], [@bb0205], [@bb0210]). However, in most studies, the spikes are modeled with single dipole models, which cannot directly estimate the true extent of the irritative zone, and the spatial extent of the SOZ is based on visual analysis of seizures on intracranial EEG recordings of seizures, but not on quantitative markers of the ictal discharges. Hence, the spatial overlap between the irritative zone, the lesion and the SOZ is only indirectly evaluated in these studies ([@bb0035], [@bb0195], [@bb0205], [@bb0210]).

In the present study, we sought to evaluate precisely the spatial relationship of the irritative zone, the MRI lesion and the SOZ using quantitative electrophysiological markers in FCD patients. We used a method that estimates the volumetric sources of interictal spikes (Volumetric Imaging of Epileptic Spikes or VIES, [@bb0060]) recorded by MEG for delineating the irritative zone, and a quantitative index based on both spectral and temporal properties of intra-cerebral ictal EEG signals for assessing the SOZ spatial extent ([@bb0030]).

We hypothesized that magnetic source imaging (MSI) based on VIES could provide information regarding the spatial distribution of the SOZ, and might show epileptogenic areas both in the lesion area but also in regions located in the vicinity or remotely from the brain lesion.

2. Materials and methods {#s0010}
========================

2.1. Patients {#s0015}
-------------

We retrospectively included all patients with focal epilepsy related to FCD who had undergone presurgical evaluation in the Epilepsy Department of the Neurological Hospital, Lyon, France between 2006 and 2012 and who fulfilled the following inclusion criteria: a) intracranial EEG recordings with stereotactically implanted electrodes (SEEG) ([@bb0025]); b) MSI of epileptic spikes with VIES ([@bb0060]); c) either histo-pathological diagnosis of FCD for patients operated upon or brain MRI highly suggestive of FCD in patients discarded from surgery.

In the classification of FCDs we used the consensus classification proposed by the ILAE 2011 ([@bb0055]). Brain MRI was considered as very suggestive of FCD if one or several of the following established characteristic MRI features were detected by visual inspection by an expert neuroradiologist and validated by the epilepsy multidisciplinary group that includes the epileptologists and neurosurgeons of our department ([@bb0045], [@bb0070]). These features include: i) focal cortical thickening; ii) blurring of the grey--white matter interface; iii) focally increased signal on T2-weighted Imaging or FLAIR sequences (cortical or subcortical) and; iv) a tail of increased signal from the cortex to an underlying ventricle on T2- or FLAIR sequences. Patients were considered MRI-negative if MRI disclosed no abnormalities, or only subtle abnormalities of unclear significance.

Six male and five female patients with a mean age of 22.4 years (range 9--41) were included ([Table 1](#t0005){ref-type="table"}). Ten patients were operated upon while one patient was discarded from surgery (for that patient, the seizure onset zone was overlapping with the primary motor cortex). Of the ten operated patients, eight had a favorable outcome following surgery (Engel Class I or II) ([@bb0075]) and two had a poor outcome (Engel Class III or IV) after a median follow-up of 23.1 months (range 6--48).Table 1Overview of the clinical features of the 11 patients with MRI lesion, MEG spiking volume localization and surgical treatment.Table 1PatientAgeGenderEpilepsy durationSeizure frequencyMRI lesion locationLesional volume (mm3)MEG spiking volume (mm3)MEG localizationSEEG SOZSurgeryPathologySurgical outcomeOverlap MEG SV/resectionPt118F61/wkLeft OFC474747,289Left OFCLeft OFCLeft OFCFCD IIaIa (6 m)YPt241M232/mNo lesion017,923Right Ant-TRight Ant-TRight Ant-TFCD IIb (48 m)YPt324F72--3/wkLeft Lat-O/no lesion in T lobe365231,901Left Ant-TLeft Ant-TLeft Ant-THSIa (48 m)YPt433M101/mLeft C880840,200Left CLeft C + left DLFNANANANAPt520M101/wkRight C735443,172Right CRight CRight CFCD IIa (6 m)YPt630F83--4/wkLeft Lat-P590122,217Left Lat-PLeft Lat-PLeft Lat-PFCD IIaII (48 m)YPt715M82/wkRight Mes-O31,21746,237Right Lat-ORight Lat-ORight Lat-OFCD IIIII (24 m)YPt89M53/mRight Ant-T16,89219,340Right Ant-TRight Ant-TRight Ant-TFCD IIaIa (24 m)YPt926F161/mRight DLF22,72320,416Right CRight DLFRight DLFFCD IIaIII (36 m)NPt1021M101/wkNo lesion012,510Left post-PLeft C + left PLeft C + left PFCD IIaIa (24 m)YPt1110F74/wkLeft C/left Lat-P47,93385,003Left DLFLeft C + left DLFLeft F + left C disconnectionFCD IIaIII (15 m)Y[^1]

2.2. Depth stereotactic EEG recordings (video-SEEG) {#s0020}
---------------------------------------------------

Ictal and interictal intracranial video-SEEG recordings were obtained in all 11 patients.

SEEG explorations were carried out during long-term video-EEG monitoring. Recordings were performed using intracerebral electrodes with multiple contacts (Dixi Medical (France), 10--15 contacts, length: 2 mm, electrode diameter: 0.8 mm, intercontact spacing 1.5 mm) placed according to Talairach\'s stereotactic method. The number of electrodes implanted per patient varied between 7 and 18, with a total number of recording contacts between 90 and 114 per patient. Electrodes were left in place between one and three weeks. When MRI disclosed a lesion with typical features of FCD, it was always targeted by one or a few depth electrodes (*n* = 9/9 patients).

2.3. MRI acquisition {#s0025}
--------------------

In all patients, brain MRI was performed using a 3 T MR scanner (Philips Achieva, Philips, Best, The Netherlands), and included the following sequences in all patients: (i) 3D anatomical T1-weighted covering the whole brain volume with 1 mm^3^ cubic voxels; (ii) six-millimeter-thick turbo-spin echo T2-weighted acquired in the bi-hippocampal plane; (iii) three-millimeter-thick turbo-spin echo T2 perpendicular to the bi-hippocampal plane; (iv) three-millimeter-thick inversion-recovery; (v) 3D FLAIR volumetric images with isotropic resolution of 1 mm^3^ voxels.

In the 24 h following electrode implantation, a second MRI 3D T1 sequence was obtained to show the exact location of recording contacts.

2.4. MEG acquisition {#s0030}
--------------------

MEG signals were recorded on a CTF Omega 275 channel whole head system (VSM MedTech Ltd., Canada). For each patient, 45 min of continuous MEG signal were recorded at a sampling frequency of 600 Hz using a third-order spatial gradient noise. Patients were investigated at rest with their eyes closed. Three fiducial coils (nasion, left and right pre-auricular points) were placed for each patient to determine the head position within the MEG helmet, and to provide co-registration with the anatomical MR images.

2.5. MEG modeling of the sources of interictal spikes {#s0035}
-----------------------------------------------------

MEG data were processed using VIES, a pipeline of analysis previously described and validated. VIES aims at localizing the brain spiking volume (SV) which generates high frequency activities (\> 20 Hz) associated with interictal spikes (see [@bb0060] for a full description of the method).

In VIES, spikes are first visually identified on raw MEG signals. Secondly, the brain sources of spike-related high frequency activity (\> 20 Hz) are located using a beamforming technique, DICS (Dynamic Imaging of Coherent Sources) ([@bb0105]), comparing the source power for high-frequency during the spike period and a baseline period. The brain sources of spike-related high frequency activity were computed for all 5 mm^3^ voxels covering the brain volume, providing whole-brain MEG maps. Lastly, the whole-brain MEG maps are thresholded using a method described in [@bb0060], providing a MEG spiking volume map (MEG SV) for each patient (see [Fig. 1](#f0005){ref-type="fig"}-D).Fig. 1Overview of the method evaluating the spatial overlap between the MEG spiking volume, the Seizure-Onset Zone determined with SEEG and the MRI lesion in patients with Focal Cortical DysplasiaA) Example of depth electrode implantation for stereoelectroencephalographic (SEEG) exploration in a patient with focal cortical dysplasia (Pt5). The electrode trajectories are superimposed on the coronal MRI. Electrode contacts in red are included in the SOZ and electrode contacts in white are not included in the SOZ.B) The epileptogenicity (Epileptogenicity Index EI) of each pair of bipolar contacts is derived from a slightly modified method initially described by Bartolomei et al. This method estimates the EI that accounts for the propensity of a brain area to generate rapid discharges (above 12 Hz) during the 10 s following seizure-onset. On the right panel, raw SEEG traces (SEEG) are shown for three electrode contacts (Z5-Z4, M8-M7 and M12-M11), and their corresponding high frequency activity at seizure onset is shown (CuSum Value). The EI is the height of the CuSum Value at seizure onset (Cumulative Sum of high frequency activity during the 10 s following seizure-onset time, shown as a pink period). Please note that Z5-Z4 is more epileptogenic that M8-M9 and that no significant seizure activity is observed for M12-M11.C) The focal cortical dysplasia was manually delineated on T1 and FLAIR sequences (green area).D) The high frequency activity (above 20 Hz) associated with MEG spikes was determined for all voxels within the brain and the maps were thresholded according to the [@bb0060] procedure to obtain the MEG spiking volume (purple area).E) The spatial relationship between the SOZ, the SV and the brain lesion was evaluated by co-registering electrode contacts displaying elevated EI, the MEG SV, and the brain lesion.Please not that for Pt5, most highly epileptogenic contacts (red contacts) were located both within the brain lesion and the MEG SV, but some highly epileptogenic contacts were specific to the MEG SV (not within the lesion). A lateral view of all depth electrodes superimposed on a 3D reconstruction of the neocortical surface of the brain superimposed on a 3D reconstruction of the neocortical surface of the brain is represented on the right side, with a projection of MEG SV shown in purple and of the brain lesion in green.Fig. 1

2.6. Definition of the seizure-onset zone using SEEG signals {#s0040}
------------------------------------------------------------

For each patient, we extracted all SEEG signals recorded during spontaneous seizures. In order to estimate the SOZ, we used a quantitative index (Epileptogenicity Index EI) based on a method previously described by [@bb0030]. In the present study, EI is a quantity computed for each pair of bipolar EEG contacts that accounts for the propensity of a brain area to generate rapid discharges (above 12 Hz) during the 10 s following seizure-onset. For each contact, EI is normalized by dividing its EI actual value by the maximal value obtained in each patient. Please see Supplementary Material for a full description of EI computation.

2.7. Estimating the spatial relationship between the seizure-onset zone and the MEG spiking volume (SV) {#s0045}
-------------------------------------------------------------------------------------------------------

For each patient, we co-registered the location of all SEEG electrodes and whole-brain MEG maps and we determined the individual MEG voxel associated with each SEEG pair of neighboring contacts. Then we extracted the source power of high-frequency spike related activity corresponding to these voxels and their corresponding EI value. Lastly, a simple linear correlation between the MEG source power and the EI values was searched. A *p*-value of 0.05 was considered to be statistically significant. This analysis was firstly performed in each individual and secondly by pooling the data of all patients.

We also tested the spatial congruence between the MEG voxel disclosing maximal high-frequency spike related activity and the intracranial EEG contact with maximal EI value using predefined anatomical subregions (temporal pole, mesial temporal region, anterior temporal neocortex, posterior temporal neocortex, temporo-basal region, dorso-lateral frontal cortex, mesial frontal cortex, orbito-frontal cortex, central region, lateral parietal cortex, mesial parietal cortex, lateral occipital cortex, mesial parietal cortex, insula). We considered that both were congruent if they were located in the same anatomical sub-region.

2.8. Estimating the spatial congruence between the MRI lesion, the seizure-onset zone and the MEG spiking volume (SV) {#s0050}
---------------------------------------------------------------------------------------------------------------------

In a first step, for patients with a clear FCD lesion on brain MRI, we co-registered 3D-T1 and FLAIR sequences in different planes (axial, sagittal and coronal). The brain lesion of each patient was manually delineated ([Fig. 1](#f0005){ref-type="fig"}-C) using the free software Anatomist ([@bb0170]). We considered not only cortical abnormalities (abnormal gyration, signal abnormalities) but also abnormal blurring of the grey and white matter junction and abnormal signal of the white matter for the delineation. In a second step, the MEG maps of source power of high-frequency spike related activity were thresholded according to the [@bb0060] procedure. This procedure provided a MEG spiking volume (MEG SV) for each patient ([Fig. 1](#f0005){ref-type="fig"}-D). In a last step, we defined the SOZ on SEEG signals using EI values, considering that high EI values (above 0.3) indicated highly epileptogenic regions. Please note that this cut-off score was determined by plotting all computed EI values across patients, showing that the 0.3 value corresponded to the 90th percentile of all EI values.

In a first global analysis, we tested whether there was a spatial congruence between the brain lesion and the MEG SV. We considered that both volumes were congruent if the lesion and the MEG SV were at least partially overlapping.

In a second analysis, we counted the proportion of highly epileptogenic contacts within the lesion volume, within the MEG SV, and within the union of both. We also counted the proportion of highly epileptogenic contacts that were included solely either in the MEG SV, or in the lesion volume, or in the intersection of MEG SV and lesion volume.

The second analysis was performed for each patient and at the group level.

### 2.8.1. Standard protocol approvals, registrations, and patient consents {#s0055}

The study was approved by the local ethics committee, and written consent was obtained.

3. Results {#s0060}
==========

3.1. Estimating the spatial relationship between the seizure-onset zone and the MEG spiking volume (SV) {#s0065}
-------------------------------------------------------------------------------------------------------

For the whole group of patients, after pooling all data across patients, a significant linear correlation was observed between spike-related high frequency activity derived via MEG and EI values via SEEG (*p* \< 0.01, Pearson correlation).

At the individual level, we found for 8/11 patients a significant linear correlation between spike-related high frequency activity and EI values (*p* \< 0.01, Pearson correlation, see [Table 2](#t0010){ref-type="table"}). Moreover, for these eight patients, we found that the voxel with maximal spike-related high frequency activity was always located within the same sublobar region lobe as the intracranial contacts with maximal EI value ([Table 1](#t0005){ref-type="table"}).Table 2Overlap between the seizure-onset zone, the MEG spiking volume (SV) and the MRI lesion in all 11 patients with FCD.Table 2PatientN SEEG contactsCorrelation between MEG Spiking Activity and SEEG EIVolume overlapSpatial congruence between epileptogenic zone/lesion/MEG SVMEG SV within lesion (%)Lesion within MEG SV (%)Epileptogenic contacts within MEG SV (%)Epileptogenic contacts within lesion (%)Epileptogenic contacts within intersection of lesion & SV (%)Epileptogenic contacts specific to MEG SV (%)Epileptogenic contacts specific to lesion (%)Pt1106Y3838610086014Pt2112Y0000000Pt3113Y00100001000Pt4114Y1880605648128Pt590Y1377802523572Pt691Y413333303333Pt7102Y46193512823Pt8101Y374350505000Pt992N321710017083Pt10110N003300330Pt11105N12220700070Mean8304443212221

For three patients, the correlation coefficients were not significant. For these three patients, the MEG voxel with maximal spike-related high frequency activity was located in the same lobe as the intracranial contacts with maximal EI value, but not in the same sublobar region.

3.2. Estimating the spatial congruence between the MRI lesion, the seizure-onset zone and the MEG spiking volume (SV) {#s0070}
---------------------------------------------------------------------------------------------------------------------

The MEG SV at least partially overlapped with the lesion in all patients but one ([Table 2](#t0010){ref-type="table"}). However, only a small portion of the MEG SV overlapped with the lesion volume (between 3 and 37%, mean 8%). For most patients, a higher proportion of the lesion volume was included in the MEG SV (between 2 and 83% of the lesion was included within the MEG SV, mean 30%).

In a second analysis, we determined the proportion of highly epileptogenic contacts within the lesion volume, within the MEG SV, and within the intersection of MEG SV and lesion volume ([Table 2](#t0010){ref-type="table"}). We found that the proportion of highly epileptogenic contacts included in the MEG SV was variable across patients and (mean 44% range 0--100), and that the proportion of highly epileptogenic contacts included within the lesion was roughly identical and also highly variable (mean 43% range 0--100). For four patients, the number of epileptogenic contacts included in the MEG SV was higher than that included in the lesion, while it was the reverse in four patients. For one patient, both numbers were equal. At the intersection of MEG SV and lesion, the proportion of epileptogenic contacts detected was 21% (range 0--86%). This suggests that the sensitivity of the MEG SV and that of the lesion volume for the detection of epileptogenic contacts are roughly identical at the group level, but more heterogeneous at the individual level. At the group level, 65% of the epileptogenic contacts were included in the brain area encompassing both the lesion and the MEG SV.

Lastly, we determined the proportion of highly epileptogenic contacts that were included solely in the lesion volume, solely in the MEG SV or solely in the intersection of MEG SV and the lesion volume ([Table 2](#t0010){ref-type="table"}). We found that the mean proportion of highly epileptogenic contacts that were specific to the MEG SV was 22% (range 0--100%), and that the proportion of highly epileptogenic contacts that were specific to the lesion was 21% (range 0--83%). For four patients, more epileptogenic contacts were specific to the MEG SV, while for four patients more epileptogenic contacts were included in the lesion than in the MEG SV. For seven patients, \< 50% of epileptogenic contacts were included in the lesion: for five of those seven patients, at least 20% of the epileptogenic contacts were detected exclusively by MEG.

To illustrate the relative sensitivity of MEG and brain lesion to detect epileptogenic regions in FCD, two figures representing different clinical situations are shown. [Fig. 2](#f0010){ref-type="fig"} illustrates a patient for whom the brain lesion and the MEG SV provide complementary information regarding the epileptogenic cortex. [Fig. 3](#f0015){ref-type="fig"} illustrates a patient for whom the lesion is distant from epileptogenic contacts and the MEG SV. Please also see Supplementary [Fig. 1](#f0005){ref-type="fig"} which illustrates the lesion volume (MRI), the spiking volume (MEG), and contacts with high EI (SEEG) for all patients with a lesion on brain MRI.Fig. 2Example of a patient (Pt4) with FCD for whom the brain lesion and the MEG SV provide complementary information regarding the epileptogenic cortex.The trajectories of the SEEG electrodes are superimposed on the axial MRI. Highly epileptogenic contacts are in red and non-epileptogenic contacts are in white. The green area represents the lesional area manually delineated on brain MRI. The purple area represents the MEG SV. The lesional area and MEG SV are also projected on a 3D reconstruction of the neocortical surface of the brain and some examples of raw SEEG traces are also shown. Please note that the MEG SV, the brain lesion and the SOZ were largely overlapping in this case. However, the MEG SV was more spatially extensive that the SOZ, and some highly epileptogenic contacts were specific to the MEG SV.Fig. 2Fig. 3Example of a patient (Pt3) with FCD for whom the SOZ was located remotely from the MRI lesion and was overlapping with the MEG spiking volumeThe trajectories of the SEEG electrodes are superimposed on the axial MRI. Highly epileptogenic contacts are in red and non-epileptogenic contacts are in white. The green area represents the lesional area manually delineated on brain MRI. The purple area represents the MEG SV. The lesional area and the MEG SV are also projected on a 3D reconstruction of the neocortical surface of the brain and some examples of raw SEEG traces are shown. Please note that there was clearly no spatial overlap between the lesion, which had typical MRI features of FCD and the SOZ (the lesion was in the occipital lobe and the SOZ in the temporal lobe). However, highly Epileptogenic contacts were detected by MEG.Fig. 3

Lastly, [Fig. 4](#f0020){ref-type="fig"} summarizes the main results concerning the spatial congruence between the MRI lesion, the Seizure-Onset Zone and the MEG spiking volume (SV).Fig. 4Spatial overlap between the MRI lesion, the MEG spiking volume and the Seizure-Onset Zone in 9 FCD patients.A) Schematic view of the brain and volume overlap. Dark purple area: spatial overlap between MEG SV and the SOZ/Light purple area: spatial overlap between MEG SV, lesional volume and the SOZ/Light green area: Lesional volume not involved in seizure activity/Dark green area: spatial overlap between lesional volume and the SOZ/Blue area: spatial overlap between the MEG SV, lesional volume and the SOZ/Gray area: portion of the SOZ outside of the MEG SV and lesional volume. SEEG electrodes showing clear signal change at seizure onset (and with high EI values) are shown in red and electrodes without ictal changes (with low EI values) are shown in black. The SOZ is defined by the region encompassing all SEEG electrodes in red.B) Schematic view of spatial overlap between the SOZ, the lesional area and the MEG SV. The proportion of the all epileptogenic contacts included in the MEG SV only (MEG only), in the lesional area only (lesion only), in the intersection of the MEG SV and lesional areas (intersection) and outside of the MEG SV and lesional area across the nine patients is displayed in the pie chart.Fig. 4

In 9/10 patients operated upon, the resected area (determined by surgical report and post-operative CT-scan) overlapped with the MEG SV and the MEG voxel having maximal high-frequency spike related activity was included in the resected area. For two of those nine patients, brain MRI was negative. 6/10 patients were classified Engel I post-operatively, 2/10 patients were classified Engel II post-operatively and 1/10 patient was Engel III.

For a single patient (Pt9), the MEG SV was slightly posterior to the surgical resection. Pt 9 was classified Engel III post-operatively.

For 7/8 patients with a clear MRI lesion operated upon, the resection area overlapped with the lesion. For 1/8 patient (Pt3), the surgical resection targeted a brain region located remotely from the lesion.

4. Discussion {#s0075}
=============

4.1. Epileptogenicity of FCD {#s0080}
----------------------------

Focal cortical dysplasias (FCDs) are a common cause of pharmaco-resistant epilepsy, prompting presurgical evaluation in a large proportion of patients ([@bb0110]). Their localization, extent, and histo-pathologic presentation are highly variable, reflected in several consensus classification schemes.

Several reports have shown that FCD are intrinsically epileptogenic ([@bb0115], [@bb0095], [@bb0155], [@bb0160], [@bb0165]). Thus, intracranial EEG studies show intralesional rhythmic spike discharges in the interictal periods, spontaneous ictal discharge onset and a low threshold of seizure induction after electrical stimulation in the lesion ([@bb0015], [@bb0065], [@bb0180], [@bb0020], [@bb0150], [@bb0190]). Moreover, the completeness of lesional resection is an important determinant of surgical outcome ([@bb0090], [@bb0085], [@bb0115], [@bb0100], [@bb0145]).

In accordance with those findings, we found that for 8/9 patients with a typical FCD on brain MRI, the lesion was overlapping the SOZ (defined by quantitative EEG analysis). More precisely, we observed that 42% of the highly epileptogenic contacts were located directly within the lesion, suggesting that a large proportion of the SOZ was included within the lesion. Lastly, for 7/8 patients operated upon, the surgical resection included the lesional area.

We found that the MEG SV was also tightly related to the MRI lesion and the SOZ. Indeed, for 8/9 patients with a clear MRI lesion, the MEG SV was overlapping with the lesion, even if the MEG SV was more widespread than the lesion. Moreover, for 8/11 patients, there was a significant correlation between intracranial epileptogenicity and MEG spiking activity. For those 8 patients, the MEG source with maximal spike-related activity was located within the same sublobar region lobe as the seizure-onset zone. As a whole, 44% of the highly epileptogenic contacts were included in the MEG SV.

Taken together, these results show that for most of the patients, the MRI lesion, the MEG SV and the SOZ are co-extensive brain areas. This result is in accordance with several earlier studies, using EEG or MEG with different source modeling approaches showing that the sources of epileptic spikes are co-extensive with the MRI lesion ([@bb0210], [@bb0040], [@bb0130]). However, in most of these studies, it is hard to extract a quantitative value of the spatial overlap between the MEG spiking volume and the MRI lesion, since classical equivalent current dipole models do not provide a direct estimation of the spiking volume. Several studies have also shown that the sources of epileptic spikes are also in close vicinity with the seizure generating area, both for patients with visible MRI lesion and for the more challenging group of negative-MRI patients ([@bb0195], [@bb0205], [@bb0210], [@bb0120], [@bb0125]). However, in those studies, the epileptogenicity of the dysplastic cortex and of surrounding intracranial EEG contacts is not directly quantified and it is thus difficult to estimate precisely the relationships between the lesion, surrounding cortex and the SOZ.

4.2. Epileptic networks in FCD {#s0085}
------------------------------

Several arguments show that MRI is not sufficient to plan surgical resection and that the epileptogenic zone can be more extended than the visible lesion on MRI.

Firstly, despite optimal MRI acquisition sequences, careful examination of MRI slices and advanced post-processing of the images, FCD remains occult on MRI images for some patients with pathologic confirmation of the dysplasia ([@bb0045], [@bb0050]). In the present study, two of our 11 patients were clearly MRI negative. In these 2 patients, MEG was very helpful to guide the SEEG electrode implantation.

Secondly, for some patients, the SOZ can be located remotely from the MRI lesion itself as.

in one of our patients (Pt3) for whom there was clearly no spatial overlap between the lesion, which had typical MRI features of FCD, and the SOZ (the lesion was in the occipital lobe and the SOZ in the temporal lobe) ([Fig. 3](#f0015){ref-type="fig"}). For this patient, SEEG implantation strategy was mostly guided by clinical symptoms and MEG which suggested temporal lobe involvement. That observation highlights the fact that in rare cases the MRI lesion can misguide the localization of the true SOZ in FCD.

Lastly, while the lesion is usually considered as the core of the seizure-generating region in FCD patients, a still controversial question is to what extent seizures originate within the dysplastic cortex, in the surrounding brain or in both regions ([@bb0110]).

In our study, we found that approximately half of the highly epileptogenic contacts were not directly located within the MRI lesion, but in the surrounding cortical areas. This result clearly shows that the spatial extent of the SOZ cannot be fully delimited by the MRI lesion.

Even in patients with a clear MRI lesion, other neuroimaging tools such as MEG may thus bring complementary information to estimate the extent of the SOZ. Indeed, for seven patients, \< 50% of epileptogenic contacts were included in the lesion: for five of those seven patients, MEG provided additional information regarding epileptogenic contacts (at least 20% of the epileptogenic contacts were detected exclusively by MEG in these five patients).

This suggests that the spiking volume estimated with MSI can bring additional information regarding the spatial extent of the SOZ when epileptogenic areas outside from the lesion area.

Our results are in accordance with several studies showing that FCD may be associated with multiple areas of epileptogenicity, some of which are structurally normal. For instance, [@bb0015] using the original computation of the Epileptogenicity Index in 36 patients with MCDs investigated by SEEG found that 30% of patients had a strictly focal epileptogenic zone organization while the remaining patients had more than one epileptogenic region, disclosing a network or bilateral epileptogenic zone organization ([@bb0015]). In a study by [@bb0065], using the same SEEG approach as in this study, 20% of patients with FCD were considered to have an epileptogenic zone larger than the dysplastic cortex ([@bb0065]).

As a whole, our study and those earlier studies suggest that epileptic networks in Focal Cortical Dysplasia can be more widespread than the MRI lesion.

From a theoretical perspective, the surgical resection of FCD patients should include all seizure-generating areas, not only those located in close vicinity of the lesion, but also remote epileptogenic regions. Our results strongly suggest that the results of MEG spike modeling should be used to determine the sites of SEEG electrode implantation. However, whether MEG SV determination should be used to optimize surgical resection in FCD patients is still an open question. At the time of the study, MEG data were not used to determine the to-be-resected areas in our patients. Further studies are necessary to correlate the surgical prognosis and the extent of resection of the irritative zone determined by MEG.

4.3. Limitations of the study {#s0090}
-----------------------------

The main limitation of this work is related to the incomplete and inhomogeneous brain exploration provided by SEEG. SEEG recordings enable a fine-grained analysis of neural activity for selected brain regions but a large portion of the brain is not covered by SEEG electrodes. This suggests that it is not possible to exclude that some epileptogenic areas were not detected. On the contrary, MEG source analysis provides a homogeneous and exhaustive view of the cerebral cortex, but with lower spatial resolution. Those intrinsic limitations of SEEG may partly explain why for a few patients, no correlation between SEEG EI and MEG spiking activity was found (Pt 9, 10 and 11). Indeed, for two of those patients, the surgical outcome was poor, suggesting that the true SOZ was not detected. Another explanation could be related to the limited spatial resolution of MEG. We recently shown that the spatial accuracy of the VIES method for the determination of the spiking volume is high and clinically meaningful ([@bb0060]). However, the specificity of the method is imperfect, so that the spiking volume determined with VIES is usually more widespread that the spiking volume determined with intracranial EEG. Those limitations may explain while the maximal spiking activity for those three patients was in the same lobe as the SOZ but not in the same sublobar region.

Another limitation of the study is related to the fact that we deliberately focussed on MEG and MRI contribution for surgical strategy of FCD patients. The strategy of SEEG electrode implantation in our centre relies on several investigations, including detailed semiological analysis of seizures recorded during video-EEG telemetry, careful brain MRI reviewing by several experts, FDG PET and MEG. A multimodal approach is therefore used to evaluate the strongest hypothesis regarding SOZ location and to guide SEEG electrode placement. In FCD patients with frequent spikes, MEG is a powerful technique to localize the SOZ and is particularly helpful when MRI is negative (such as Pt 2 and 10) or discloses an ambiguous lesion (such as Pt3). However, further study is needed to clarify the respective roles of FDG PET, MEG, MRI for optimal targeting of the SOZ with SEEG electrodes.

Lastly, the lesion on brain MRI was manually delineated, as used in clinical routine. Recent studies using post-processing MRI analyses based on the classification of surface-based MRI features showed a higher detection rate of FCD than visual inspection, especially useful in patients with negative brain MRI or mild sulcal abnormalities ([@bb0010], [@bb0185]). In other words, visual inspection of structural MRI might under-estimates the extent of the FCD network and quantitative post-processing analyses might provide a more exhaustive view of the epileptogenic network. Further studies are necessary to evaluate how quantitative MRI post-processing approaches complement MEG data analysis in order to estimate the full extent of the SOZ in FCD patients.

5. Conclusion {#s0095}
=============

Overall, this study shows that the lesional area, the seizure-onset zone and the MEG spiking volumes in FCD patients are largely co-extensive brain regions but that the SOZ can extend beyond the lesion for some patients. MEG can be viewed as complementary to MRI to estimate the full extent of the SOZ. As a whole, those results highlight the clinical relevance of MEG for the determination of epileptogenic areas in patients with FCD.

Correlation between VIES source power and SEEG Epileptogenicity Index EI: Y: yes N: No/N SEEG contacts: number of SEEG contacts implanted per patient/MEG SV within lesion (%): proportion of the SV determined with VIES included within MRI lesion/lesion within MEG SV: proportion of the MRI lesion included in the MEG SV/Epileptogenic contacts within MEG SV: proportion of highly epileptogenic SEEG contacts (EI \> 0.3) included within the MEG SV/Epileptogenic contacts within lesion: proportion of highly epileptogenic SEEG contacts (EI \> 0.3) included within the MRI lesion/Epileptogenic contacts within intersection of lesion & SV: proportion of highly epileptogenic SEEG contacts (EI \> 0.3) located both within the SV and the MRI lesion/Epileptogenic contacts specific to MEG SV: proportion of highly epileptogenic SEEG contacts (EI \> 0.3) included in the MEG SV and outside of the MRI lesion/Epileptogenic contacts specific to lesion: proportion of highly epileptogenic SEEG contacts (EI \> 0.3) included in the MRI lesion and outside of the MEG SV.
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[^1]: Age: age at SEEG in years -- epilepsy duration: epilepsy duration in years -- seizure frequency: wk = week: m = month -- MRI lesion: the anatomical localization of the MRI lesion is provided (no lesion: absence of MRI detectable lesion/DLF: Dorso Lateral Frontal/OF: Orbito Frontal/T: Temporal/O: Occipital/P: Parietal/C: Central/Lat: Lateral/Mes: Mesial/Ant: Anterior/Post: Posterior) -- Lesional Volume: volume of the MRI lesion in mm^3^ after manual delineation on co-registrated MRI sequences -- MEG spiking volume: The extent of the MEG spiking volume in mm^3^ was determined by VIES (see material and methods) -- MEG localization: Localization of the voxel with maximal spike related activity determined with VIES (same legend as MRI lesion) -- SEEG SOZ: Localization of the SOZ determined with SEEG (same legend as MRI lesion) -- Surgery: site of resection (same legend as MRI/NA: surgery not done) -- Pathology: FCD: Focal Cortical Dysplasia/HS: Hippocampal Sclerosis/NA: not applicable -- Overlap MEG SV/resection: Y: yes/N: no/NA: not applicable ---- Surgical Outcome: outcome is expressed as Engel Score (length in follow-up in months is provided)/NA: not applicable.
